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Abstract Laser scanning technologies are widely used to solve civil engineering
problems and land use management in a GIS environment including digital terrain
models (DTMs) creation. Some gaps in raw laser scanning data processing algo-
rithms for DTM are analyzed. Algorithms for filtration, triangulation, and defrag-
mentation are proposed. Advantages and disadvantages of the algorithms proposed
are discussed. Triangulation algorithm can serve to defragment cloud of laser scan-
ning points into semantic component parts. Defragmentation includes recognition of
engineering objects and other objects of the terrain and their delineation. Results of
applications to real problems show the robustness of algorithms proposed.
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1 Introduction

One of the developing and most contemporary technologies of the active remote
sensing is laser scanning. Nowadays, the results of laser scanning are a base for cre-
ation of three-dimensional (3D) models of different objects. Appropriate technolo-
gies based on 3D data have been using all over the world in different applications:
road management, urban modeling, industry survey, heritage conservation [1]. The
types of remote sensing laser scanning systems are the following: terrestrial, mobile,
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and airborne [2]. During an object surveying, the distance from sensor to object
is determined on the base of time delay (pulse method) or the phase shift (phase
method) of laser beam reflected by object surface [3]. A cloud of points is the result
of laser scanning survey. Obtained laser scanning point clouds are usually combined
with digital photos [4]. As a result, for each point in such cloud the following set
of information about object surface is stored: three coordinates, intensity of signal
reflected and R/G/B color. As it can be seen that information describes the surveyed
object quite well for modeling. It should also be noted that in recent years, there has
been a significant increase in the geometrical accuracy and density of points in laser
scanning clouds [5].

Laser scanning technologies are widely used to solve civil engineering problems
and land use management in a GIS environment [6—9]. There are also many publica-
tions on the successful use laser scanning cloud of points for digital terrain models
(DTMs) creation [10-12]. One of the most popular models for DTM is Delaunay
triangulation, which provides the most qualitative, uniquely defined, and invariant,
in relation to the coordinate system, the construction of the model (triangulation)
[13]. At the same time, the usage of Delaunay triangulation is associated with a large
expenditure of time and computer memory, which is a matter of actual importance
for constructing a model from the big cloud of laser scanning points [14]. The task of
DTM creation is one of the most urgent tasks of processing of laser scanning results
despite the long history of the development of appropriate algorithms [15-19].

The objectives of this paper are to analyze some gaps in algorithms for processing
of raw laser scanning data for DTM creation. Some new algorithms which can bridge
the gaps are presented. The algorithms proposed include combination of different
approaches, and this is why they are named “hybrid.” A triangulation algorithm can
serve to defragment cloud of laser scanning points into semantic component parts.
Defragmentation includes recognition of engineering objects and other objects of the
terrain and their delineation. The results presented in the paper can serve as a basis
for solving many civil engineering problems: not only such as creation of a DTM,
but also can be useful for processing laser scanning data during engineering survey
of roads and existing buildings.

2 Materials and Methods

2.1 Filtration of Points Density

A point will be treated as a data structure (a-x, a-y, and a-z) that contains spatial
coordinates and attribute information: color, time, intensity of the reflected laser
measurement signal, etc. The lexicographic order of sorting points defines following
relations between points a and b: a>b, a<b, and a=>b. The lexicographic sort order
is specified by a function F(a, b), which returns the result of comparing two elements
(points). The function returns the following values: F(a, b)=—1 if a<b; F(a, b)=1
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if a>b; F(a, b)=0 if a=b. For the triangulation algorithm, various variants of the
lexicographic comparison “x-y-z” or “y-x-z” are used depending on the direction
of “elongation” of a cloud of laser scanning points under discussion. Nevertheless,
further only one order of lexicographic comparison will be considered: “x-y-z.”

A filtration problem OUT =F (IN) is considered. From the original set, IN of points
is needed to select such a subset of points OUT € IN, that for all points of from OUT
the following two conditions are fulfilled:

1. Conditions in the plane (for coordinates x and y):

la-x—b-x| > epsand|a.y—b.y| > eps,a € OUT,b € OUT and OUT € IN
1

Here, eps is a parameter that determines a value of the desired density of points.
Such filtering ensures that there are no points in the OUT subset; the distance between
them is less than the value of eps. It is possible also to set the condition in the form:

Va-x—b-x2+@-y—b-y2>eps, (a-x—b-x)+@-y—>b-y)? > eps’
2)

But for its implementation requires large computational costs without a tangible
gain in quality.

2. Condition for height (for coordinate z).

From the subset Q, for any points of which the identity condition is satisfied:
la-x—b-x| <epsand|a-y—b-y| <eps,ac Q,be QandQ € IN, 3)

only one point is chosen min(a-z) with minimal z value.

The solution of the filtration problem in this formulation is used primarily to
ensure stability of a triangulation algorithm proposed. Filtration algorithm is used to
form a surface using a cloud of laser scanning points. It can be used to reduce the
number of points. The filtration algorithm is implemented in two stages:

1. A set of laser scanning points is sorted by values of z coordinates.

2. All points are being included in a sorting container, which contains only unique
values. The container can be a search binary tree or an associative container set
from STL (Standard C++ Template Library).

For sorting at this stage, a following function is defined:
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//Example of the lexicographic comparison function for
filtering in plane (x, y)

static float heps = eps / 2; // half

int filterPointXY (Point a, Point b)

{
if (a.x < (b.x - heps)) return -1;
if (a.x > (b.x + heps)) return 1;
if (a.y < (b.y - heps)) return -1;
if (a.y > (b.y + heps)) return 1;

return 0;

}

It is not difficult to recognize that for such comparison function, the points a and
b are considered to be coincident, if following condition is true:

la-x—b-x| <epsand|a-y—b-y| < eps. 4)

The second stage ignores all non-unique (identical) points, except the first. Since
at the first stage, the z sorting has already been performed and the lowest points are
the first in the container, it can be ensured that after the second stage the necessary
subset of the bottom points has been created with the necessary lexicographical order.
The actual range of filtration density d is within the following limits (Fig. 1):

eps<d§2*\/§*eps 5)

An alternative filtering variant was considered without performing the first stage.
When a point is moving to a container, if there were “identical” points in the plane
(x, y), then a point with smaller coordinate z is chosen (Fig. 2).

This approach forms a smaller subset of filtered points than a subset of the first
variant. This can be explained by the fact that the lowest point does not the first
in the container, and the previous point-candidate for a lowest value has already
supplanted some of the point-candidate (migration of “bottom” points and filtration
zones). Figure 2a shows the point and the filtering zone of size eps. If, as a result
of filtering, the minimum height is overridden, the filtering zone, which size can
significantly exceed the original one, is migrated (Fig. 2b). Conflicts between filtering
zones may also arise, which will result in the need to remove one of the conflicting
zones (Fig. 2c). In general, for this algorithm, only the lower limit of the density

Fig. 1 Actual range of Vs
filtration density &
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Fig. 2 Migration of the filtering area

range eps can be guaranteed, and the upper one is increased and cannot be reliably
estimated.

The effectiveness of the first variant is that the preliminary sorting by z is done
once for original point cloud, and in general, the filtration can be performed several
times only on the second stage of filtration for different values of eps. It should be
noted that this approach is easy to implement within the binary search tree, associative
container set or for hash tables. In the case of hashing, the sorting order (for example,
x-y-z) determines the order in which the composite index is generated for the hash
function. The high sorting efficiency (in our case of filtering) within the binary search
tree is determined by the fact that the search costs are determined by the function
O(log n), in contrast to the sequential search O(n). Here n is the number of points in
the original set.

2.2 Triangulation

Hybrid algorithms proposed here should be considered as a result of a compromise
between the performance of the triangulation and the quality of the model. As initial
data for triangulation, a set of filtered points sorted in the plane (x, y), according to the
proposed lexicographic order of sorting is considered. The process of triangulation
involves the formation, at the initial stage, of a first face (triangle) of first 3 points,
and then successively attaching remaining points. In fact, it is assumed that there is
a real situation where first m points in the plane (x, y) lie on one line (and maybe all
points), then the algorithm is terminated.

Let a point with an index m+1 does not lie on the line of the first m points, so
m — 1 triangles can be formed on a base of this point.

For any step of the triangulation, the following two statements are hold:

1. Outer edges of the triangulation form a convex boundary. This statement is obvi-
ous, since the starting set of triangles has a convex boundary. Any joining of a
new point is also performed until the formation of a new convex boundary. At
the same time, a new set of triangles joins to the triangulation (set begin-end-i
on Fig. 3).



228 V. Badenko et al.
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Fig. 3 One step of the triangulation algorithm

Fig. 4 Sequence of
optimization steps: The
dashed lines indicate the test
edges to be compared

(1) (2) (3) (4) (5)

2. Any joining point lies outside the convex boundary of the triangulation. This
condition is ensured as a result of the specified lexicographic sort order at the
point filtration stage.

After each step of joining the point, optimization for the set of triangles begin-
end-i is needed. Optimization is based on comparing two adjacent edges, where
the length of their common edge is compared with the distance between unbound
vertices (Fig. 4). An attempt to connect these unconnected vertices has been made.
If (1) the common edge and the test edge between the vertices intersect and, (2) the
length of the test edge is shorter than the common edge, then a general quadrangle is
rebuilding. The common edge is removed and a new edge replaces the test edge. It
should be noted that the optimization is not performed to the full depth and is limited
to the edges incident to the vertex i. This serves to limit the optimization process
on the principle of “minimal diagonal” and allows creating a surface model with a
sufficient quality.

So, the triangulation algorithm consists of two main steps:

1. Forming the starting set of triangles.
2. A cycle on a set of laser scanning points (excluding starting points):
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2.1. For a ith point and the convex boundary, the search for the beginning and end
(begin, end on Fig. 3) of the new set of triangles is performed. The search
begins at i — 1 point, since it is lexicographically (but not geometrically) the
closest point to i.

2.2. Joining the triangles of the set of triangles begin-end-i.

2.3. Optimization of triangles of the set of triangles begin-end-i.

2.4. Change of convex boundary. Now it passes through the vertices begin-end-i.

3 Results and Discussion

3.1 Discussion of the Filtration Algorithm

Using this filtering algorithm for direct “land detection” based on the results of air-
borne laser scanning of the terrain has been analyzed. In this case study, approxima-
tions of DTMs are strongly offset in the direction of removal (cutting) of protruding
(elevated) fragments of the relief microforms.

Another difficulty is connected with the fact that in the presence of civil engineer-
ing structures, and other objects that are not a part of the terrain. It is necessary to
choose the value of eps exceeding their geometric dimensions. Only in this case, it
can be assumed that the filtered set contains the relief points.

Some advantages of this filtering algorithm can be noted:

1. The lower (and upper) boundary of a filtering range is guaranteed, which allows
taking into account and controlling the numerical stability of the triangulation
algorithm.

2. From a set of measured points, directly measured points are selected. This is
very important for the future solution of the problem of revealing structural relief
lines, on the basis of its morphostructural analysis. This will allow performing
composition (or merging) of meshes with different density without damaging the
introduction of distortions in the calculations due to the filtering method used.

3. The method used has high productivity and flexibility. This is especially true
when processing large clouds of laser scanning points.

3.2 Discussion of the Triangulation Algorithm

Features of the triangulation algorithm proposed are following:

1. All search operations are performed on the outer boundary of the triangulation
and do not depend on the number of its vertices and edges. Search is not performed
across the entire border, but to the right and left of the lexicographically nearest
point (the previous point). Even with optimization, adjacent faces are determined
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not from the search, but from an editable list of edges relationships. These search
features determine high processing speed and linear cost growth with increasing
number of source points.

2. Formation of triangulation develops in the positive direction of the X-axis (for
sorting x-y-z, and for sorting by y-x-z—along the Y-axis) and over the entire
width of the front. This makes it easy to split the model into fragments of a given
size in the direction of triangulation. It should be noted that the implementation
of the algorithm itself does not depend on the order of sorting x-y or y-x. The
sorting order only affects a triangulation direction. If the initial set of points
has an oblong directionality, then the order of sorting is selected (according the
ratio of the sides of the bounding rectangle). Managing sort order allows you to
optimize the costs of implementing calculations.

3. Stability of the algorithm depends on the parameter, which is determined by
the ratio of the density parameter to the width of the front of the triangulation
k=eps/R. Here, R is the maximum possible distance between two lexicograph-
ically closest points. This value does not exceed the width of the front of the
triangulation at its widest point. If the sort order x-y-z is used, then the triangu-
lation develops in the positive direction of the X-axis and the triangulation front
is the maximum width along the Y-axis. For a given value of eps, it is possible to
estimate the maximum possible width of the triangulation front and predict the
numerical stability of the computational process and also recommend the sizes
of the processed fragments.

It should be noted some disadvantages of the algorithm proposed (in comparison
with the Delaunay triangulation):

1. The algorithm is conditionally optimal in part of the geometry of triangles (faces).
Optimization is performed at a limited depth. At the same time, a number of non-
optimal faces on test calculations do not exceed 1-2%.

2. The algorithm is not invariant with respect to a coordinate system and a triangula-
tion direction (sorting direction). When a triangulation direction is changed, new
version of the surface model is created. It should be noted that the magnitude of
these discrepancies is insignificant and fits into the number of non-optimal faces.

Despite the listed disadvantages, the advantages of this kind of triangulation for
processing large data sets do not cause any doubts.

At this stage, the differences in quality between the Delaunay triangulation and
the proposed approach do not have a significant effect on the process and the quality
of the defragmentation (due to the high density of points). But productivity, in turn,
differs by almost an order of magnitude. In the subsequent stages, during formation
of final DTM, the Delaunay triangulation with constraints in the form of structural
lines is used. But here the density of the points and the size of the modeled fragments
have been substantially reduced.

Comparison of dependence of calculation time of the triangulation versus the
number of initial points shows that the growth in costs in the Delaunay triangulation
is determined by an almost quadratic dependence and in proposed case almost linear
dependence.
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3.3 Application of the Algorithms Proposed

The proposed algorithm of triangulation of a laser scanning points cloud leads to
formation of a convex boundary. This does not always correspond to the real situation.
However, inclusion in the algorithm possibilities of removing edges of the outer
border, which exceeds the length allowed by the user, allows solving this problem.
Figure 5 shows an example of application of such algorithm modification. On the
left is a triangulation without delineation with a convex outer boundary. On the right
is the result of contouring with a non-convex outer boundary.

The method based on the use of triangulation models allows analyzing the con-
nections of the nearest points, dividing the model into fragments and performing their
topological analysis, visualizing the intermediate results in the form of surfaces. At
the first stage, a surface is formed, which, as a result of transformations, smoothing,
and other possible procedures, is brought to a form that the user can recognize as the
best approximation to the terrain. The proposed approach is based on such concepts
as the boundary between adjacent faces and the “sloping” and “vertical” parts of
the faces. To determine the characteristics of the face—*“sloping” or “vertical,” a
comparison of the vertical excess and the maximum length of a facet edge projected
onto a plane (or on the plane of an adjacent face) is used.

This approach allows implementing various strategies for defragmenting models.
Depending on belonging to the external or internal border, it is possible to uniquely
determine the hierarchy of relations between regions (fragments). Internal areas
are also subject to defragmentation, and the results of dependencies between areas
complement the hierarchy tree of objects. Such a selection of the region is performed
for all faces of the original surface, if they did not fall into any of the regions in the
previous stage of defragmentation. Thus, entire investigated object is divided into
regions (fragments) and a hierarchy tree of their relations (by nesting) is formed,
which in turn serves as a basis for topological analysis of models (Fig. 6).

\ =\

\7
<
/

V¥
X
uﬁ

>

\vﬂﬂn\‘

W
P

(

(=7

OISR =l

DN DA
LR %

IR !

(/

/N

’t | A"
WA

A
£y

=
ISE
<L
Y

7
el
SN
WA

RS L
<A N
LN LN
N AN SANRERG
\ VR AN
A oA

QAASS AR — QA R —

> 1}'& EEIVJA\K A%%'ﬁ'@é‘ “égi}‘i‘v‘\\ !;:ﬁ'i{g
AN, LARNARN PN WS

Fig. 5 Contouring of the convex boundary of a triangulation
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Fig. 6 Example of topological defragmentation of a civil structure

Fig. 7 Automatic classification of objects of the “roof” type (yellow)

For each fragment, an array of additional statistical information is also formed.
For example, for each external boundary of the region, a number of neighbor frag-
ments is determined, as well as how many of them are pointing upwards (excesses
are positive), and separately a number of faces directed downwards (excesses are
negative). In general, based on such statistical data, as a result of topological anal-
ysis, it is possible to classify fragments by types: “earth,” “roof,” “wall.” In Fig. 7,
results of classify objects of the “roof” type are presented. This approach does not
guarantee the absence of errors, but gives satisfactory results.
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4 Conclusions

It is planned to use various options for filtering points to highlight structural relief
lines. Within the framework of the morphostructural analysis of the relief, there are
algorithmic solutions for the allocation of structural relief lines over several DTMs
constructed with different density of points (ref). The basic idea of such algorithms
is that it is possible to construct a difference of two surfaces. For example, the first
approximation of the surface relief with a density of points at eps =40 meters and
the second surface is more dense—at eps = 10 meters. Variations in the deviations
of this difference surface from the plane (e.g., in the distribution of the volume of the
earthen mass, calculated by the method of trihedral prisms) determine the direction
in which the position of the structural line can be refined purposefully or iteratively.

The results presented in the paper can serve as a basis for solving many civil
engineering problems: not only such as creation of a DTM. The presented methods
can be used for processing laser scanning point clouds during engineering survey
of roads and existing building. Automatically create a quality DTM using raw laser
scanning data in form of a point cloud is almost impossible. The proposed algorithms
are another example of numerous techniques for refining and mapping the terrain.
Nevertheless, the proposed approaches to DTM creation minimize needs for editing
and thus increase the productivity of out-of-field works.
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